VOLUME 17 NUMBER 3 MARCH 2010 nature structural & molecular biology a r t i c l e s Fanconi anemia (FA) is an autosomal recessive or X-linked inherited disorder associated with a range of skeletal abnormalities, short stature, microcephaly, bone marrow failure and a predisposition to a variety of cancers 1 . Patients with FA are susceptible to DNA-damaging agents that induce interstrand cross-links because they have mutations in a group of proteins involved in repairing DNA damage [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . At the heart of this repair pathway is the FA core complex 12 , which monoubiquitinates the FANCI-FANCD2 complex [13] [14] [15] to recruit downstream components required to repair the DNA damage by homologous recombination 2, 16, 17 .
a r t i c l e s
Fanconi anemia (FA) is an autosomal recessive or X-linked inherited disorder associated with a range of skeletal abnormalities, short stature, microcephaly, bone marrow failure and a predisposition to a variety of cancers 1 . Patients with FA are susceptible to DNA-damaging agents that induce interstrand cross-links because they have mutations in a group of proteins involved in repairing DNA damage [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . At the heart of this repair pathway is the FA core complex 12 , which monoubiquitinates the FANCI-FANCD2 complex [13] [14] [15] to recruit downstream components required to repair the DNA damage by homologous recombination 2, 16, 17 .
At least 13 proteins are involved in FA, 8 of which form the FA core complex required for the monoubiquitination of the FANCI-FANCD2 complex. However, it has recently been shown that FANCL, FANCI and the E2 enzyme for the pathway, Ube2t, are sufficient for the siterestricted monoubiquitination of FANCD2 in vitro 18 , which is the key event in initiating DNA repair 16 . A lack of structural information, however, has hindered the achievement of a complete molecular understanding of this essential cascade. The catalytic core of FANCL, FANCI and the E2 enzyme is present in Drosophila melanogaster, along with the upstream FANCM and the downstream FANCD2. Furthermore, loss of FANCL and FANCD2 makes Drosophila susceptible to DNA cross-linking agents in a manner analogous to that seen in higher organisms 19 . Drosophila therefore provides a model system to explore the conserved fundamental aspects of FA. Based on this premise, we determined the crystal structure of FANCL from Drosophila at 3.2 Å to obtain insights into how FANCL is arranged to perform its functions of E2 binding, substrate binding and monoubiquitination of FANCD2.
RESULTS

Overall structure of FANCL
We purified and crystallized FANCL from Drosophila. Using singlewavelength anomalous dispersion methods from a gold derivative, we determined the three-dimensional structure and refined it to 3.2 Å (Table 1) . Previously, FANCL was classified as a member of the WD40 β-propeller superfamily, with a C-terminal plant homeodomain zinccoordinating motif 11 . However, our structure reveals that FANCL encompasses three distinct domains (Fig. 1a) . The N terminus adopts an E2-like fold (ELF). The central domain comprises a tandem repeat of the RWD-like fold in a single domain with a clear hydrophobic core (Supplementary Fig. 1 ). This represents a novel domain, as no double-RWD (DRWD) fold has previously been described or predicted. The C terminus is a really interesting new gene (RING) domain with an unusual arrangement of zinc-coordinating residues. This arrangement of domains is likely conserved in all FANCL homologs, given the conservation of the hydrophobic core residues across a wide range of divergent eukaryotes ( Fig. 1b and Supplementary Fig. 2 ). The full structure is extended, with the ELF making no contacts with the rest of the protein.
a r t i c l e s
Previous studies 18, 22 have suggested that a YPXXXP motif is conserved in all RWD proteins, and indeed the FANCL homologs harbor one such motif and a related HPXXXP sequence ( Supplementary  Fig. 2 ). Neither of these motifs is present in the Drosophila sequence, yet the structure clearly contains a DRWD domain. This suggests that the existence of a YPXXXP motif can predict the presence of an RWD domain, but is not essential. Rather, our analysis indicates that a helix in the position of the β-flap of catalytic UBC superfamily members marks out the subfamily of RWDdomain proteins (Fig. 2) .
We also examined whether the ELF domain bears similarity to Ube2t and Ube2w, E2 enzymes that interact with FANCL. There is 22% sequence identity with each, and the ELF structure superposes on the core of Ube2t (PDB 1YH2) with an r.m.s. deviation of 2.2 Å 2 over 52 atoms, comparable to ELF's similarity with other E2s (Supplementary Tables 1 and 2) . Given that the level of similarity is comparable for all the structurally characterized E2s, and given the lack of contacts between the ELF and the rest of the protein, we do not think that the ELF domain substitutes for Ube2t.
Structural analysis of FANCL domains
Surface analysis of the ELF domain revealed an exposed hydrophobic patch created by Val33 of β2 and Trp40 of β3 (Fig. 3a) . There is also a hydrophobic groove formed by the loop connecting β3 and β4 and the loop connecting β5 to α2, with residues Leu53, Phe56 and Leu76 forming the base. The groove leads to a further pocket between α1 and the same two loops, formed by the hydrophobic residues Val7, Leu10 and Leu82 (Fig. 3a) . Both the hydrophobic patch and the groove are buried in packing surfaces within the crystal despite their different orientations in the asymmetric unit, supporting the notion that these are important protein-interaction surfaces. Furthermore, these regions are well conserved in FANCL homologs from divergent species (Supplementary Fig. 2 ). They are also implicated in protein interactions in other members of the UBC-fold superfamily 23, 24 , with the Val33-Trp40 patch located in the noncovalent ubiquitin binding site of MMS2 (ref. 24 ) and the Val7-Leu10-Leu82 and Leu53-Phe56-Leu76 patches in the E1 and RING binding sites of E2s 23, 25 (Fig. 2) .
Recently, FANCL was predicted to contain one RWD-like fold 24 . However, our structure reveals a DRWD domain, consisting of two β-meanders linked via a kinked helix (Fig. 3b) . This is the first time, to our knowledge, that this tandem arrangement of RWD folds has been observed. The DRWD domain presents a surface-exposed strip of hydrophobic residues (Tyr112, Tyr113 and Leu116; Fig. 3b ). The location of these residues corresponds to the first helix in UBC family members that is frequently used in protein-protein interactions 25 ( Fig. 2) . These residues are also well conserved between different species (Supplementary Fig. 2 ). The hydrophobic groove between the a r t i c l e s proximal helices of lobe 1 forms a patch that includes residues Met171, Ala176, Leu185, Leu189 and Phe240 (Fig. 3b) . A second patch, between helix α7 and the sheet, runs toward the first and involves Ile243, Met246, Leu248, Leu264, Leu268 and Trp271 (Fig. 3b) . Conservation of hydrophobicity, however, is less marked in these regions ( Supplementary Fig. 2) . The RING domain broadly shows the same fold characteristics of the cross-brace seen in other RING structures 26 (Fig. 3c) . The conserved helix, complete with tryptophan at the C-terminal end, is present, but the cysteines and histidines are arranged in the sequence as [ 4 , and the spacing between the third and fourth cysteines is an extended 4 residues rather than the usual 2 residues. This is also observed throughout the FANCL homologs (Supplementary Fig. 2 ). The RING domain interacts tightly with the C-terminal lobe of the DRWD domain (DRWD-C), with a hydrophobic core encompassing Leu326, Phe375 and Leu378, which bury themselves against Leu223, Tyr231 and Ile251, and an additional hydrogen-bonding network surrounding the core (Fig. 3d) . Comparison of the RING with Rbx1 of the Skp1-Rbx1-Cullin-F-box (SCF) E3 ligase reveals that Rbx1 binds Cul1 through an N-terminal β-strand that forms part of a sheet with Cul1 (ref. 27) , whereas the RING domain of FANCL interacts extensively across the sheet of DRWD-C (Fig. 3d) . The RING contains a hydrophobic patch comprising Ile313, Leu343, Pro365, Phe366 and the conserved Trp346. This hydrophobic patch is usually reserved for E2 binding in other RING proteins such as c-Cbl (ref. 23 ) and cIAP2 (ref. 28) , and the presence of the RING domain is sufficient to pull down Ube2t 29 . As this patch is conserved in all the FANCL homologs, it is therefore likely to be the interaction surface for Ube2t.
The DRWD domain is required for substrate binding
To determine which domains are involved in binding the substrates FANCI and FANCD2, we generated deletion mutants of FANCL a r t i c l e s comprising either ELF or DRWD-RING. We performed pulldown binding assays with His-SUMOSTAR-FANCI or FANCD2 . We found that the DRWD-RING construct bound as well as full-length FANCL, whereas the ELF domain could not bind the substrates (Fig. 4a,b) . These data suggest that the binding site(s) for FANCI and FANCD2 reside within the DRWD domain.
DISCUSSION
Our structure of FANCL reveals a very different domain architecture than that predicted from primary-sequence analyses or secondarystructure predictions. Previous mutational analyses based on the predicted WD40-propeller structure of FANCL identified nonfunctioning mutants 30 ; our structure now provides a molecular explanation for these data. Mapping of the WD40 deletions onto the structure predicted that each deletion would result in unfolded protein (Supplementary Fig. 4) . Point mutations Y111E, W201A and W275A (human numbering) each led to a marked decrease in FA core complex (FACC) assembly and a diminished but appreciable level of FANCD2 monoubiquitination 30 . Tyr111 corresponds to Tyr113 of Drosophila FANCL (Supplementary Fig. 4 ) and is part of an exposed hydrophobic patch (Fig. 3b) . It is possible that this patch is involved in complex assembly (even though it is conserved in Drosophila FANCL), but it is unlikely to be required for substrate and/or E2 binding, given the continued monoubiquitination of FANCD2. W201A corresponds to Tyr197, and this mutation would disrupt the DRWD domain core to some extent but would maintain its hydrophobic nature (Supplementary Fig. 4) . However, the ELF and RING domains should remain intact. In previous work, mutating a conserved arginine residue (Arg226, human numbering) to a glutamate led to complete deficiency in both FACC assembly and FANCD2 monoubiquitination 30 . Arg222 (Drosophila numbering) forms a buried salt bridge in the core of the DRWD domain with the conserved Asp204 (Supplementary Figs. 1 and 4) . The residues surrounding this salt bridge are well conserved ( Supplementary  Fig. 2 ) and form the core of the DRWD domain. R222E would render the protein unable to fold, as a buried electrostatic repulsion would be intolerable. We predict that this would disrupt the tertiary structure of FANCL and hence would abolish both FACC assembly and activity, as has been observed 30 . Trp275 corresponds to Trp271, and in our structure this residue contributes to an exposed hydrophobic patch ( Fig. 3b and Supplementary Fig. 4) . Mutation of Trp271 to alanine would be unlikely to disrupt the overall fold of the domain and therefore could aid FACC assembly (though this residue is notably conserved in Drosophila, which has no identified FACC). Finally, W341G has no impact on FACC assembly but does completely abolish FANCD2 monoubiquitination. W341G corresponds to Trp346 and is required for E2 binding 30 . The effects of W341G suggests that the RING is required for FANCD2 monoubiquitination but not for FACC assembly.
Comparisons of Drosophila and human FANCL sequences based on a structural alignment reveal three sites of substantial difference. First, the loop connecting the ELF to the DRWD is conserved in length but not in sequence. Second, the region comprising β9-α4 is not well conserved (Fig. 1b and Supplementary Fig. 2) . Finally, the loop linking the DRWD and RING domains has a 7-residue insertion in Drosophila (Supplementary Fig. 2) . The human FACC involves more proteins than the Drosophila system seems to require. These differences may be sufficient for human FANCL to require additional proteins for function. Drosophila FANCL is the most divergent, with sequence identity ranging from 19% with zebrafish FANCL to 22% with bovine FANCL. Human, mouse, cow, chicken, Xenopus and zebrafish have sequence identities ranging from 58% to 88% (Supplementary Tables 3-6 ). However, sequence similarity between Drosophila and human FANCL is ~60%. The ELF, DRWD-C and RING domains are 67, 68 and 72% similar, respectively, whereas the least similarity exists in the N-terminal half of the DRWD domain (52%). Clearly, the differences between human and Drosophila FANCL affect the solubility of the protein, as we can express and purify milligram quantities of Drosophila but not human FANCL. However, given the similarity between the FANCLs from divergent species, it is also possible that Drosophila has as-yet-unidentified FACC components. Indeed, a recent report suggests that the slime mold Dictyostelium discoideum has at least a FANCE homolog 31 . Finally, it is also conceivable that the complex nature of mammalian cell-cycle control and DNA repair requires more subtle regulation than is necessary in Drosophila.
To our knowledge, our structure provides the first molecular insight into FANCD2 monoubiquitination, the key event in the FA pathway, and is also the first structure to be obtained for a full-length FA protein.
Taken together with our biochemical pulldown data, we propose a model in which the DRWD domain, with multiple protein-interaction surfaces, binds substrate(s), with the RING domain recruiting the E2 enzyme, enabling FANCL to bind its protein substrate and facilitate the monoubiquitination of FANCD2 (Fig. 4c) .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
ONLINE METHODS
Protein purification. We cloned Drosophila melanogaster FANCL into pET28b (Invitrogen), with an N-terminal histidine (His)-SUMO tag, and expressed it in E. coli in lysogeny broth medium with antibiotics and 0.5 mM ZnCl 2 . We cultured cells at 37 °C to an OD 600nm of 0.8, induced them with 0.25 mM IPTG, and cultured them overnight at 16 °C. We lysed cells by sonication in 100 mM Tris, pH 8.0, 500 mM NaCl, 250 µM tris(carboxyethyl)phosphine (TCEP) and purified them via Ni 2+ -affinity chromatography. We cleaved His-SUMO-FANCL overnight at 4 °C with SUMO protease Ulp1 32 at a ratio of 1:30 Ulp1:His-SUMO-FANCL and purified it by size-exclusion chromatography (SuperDex200), eluting at ~40 kDa. We analyzed the purified protein by Dynamic Light Scattering analysis and assessed it as monodisperse. We concentrated FANCL to ~30 mg ml −1 in 50 mM ammonium citrate, 50 mM bis-tris-propane, pH 8.0, 500 µM TCEP and 100 µM ZnCl 2 , flash-froze it in liquid nitrogen and stored it at −80 °C.
We generated ELF (residues 1-104), ELF-DRWD (1-294), DRWD (105-294), DRWD-RING (105-381) and RING (310-381) using restriction-free cloning with the His-SUMO-FANCL plasmid, and we purified proteins using Ni 2+ -affinity chromatography, followed by cleavage with Ulp1 and subsequent sizeexclusion chromatography. The ELF-DRWD, DRWD and RING constructs were unstable, expressed with significant quantities of chaperones, and aggregated during purification. This is a result of the exposure of the interface between DRWD and RING.
We cloned Drosophila FANCI and FANCD2 into the SUMOstar vector (LifeSensors, Inc.), with an N-terminal His-SUMOstar fusion tag, and we transposed DH10bac cells (Invitrogen) to create bacmids. We generated baculoviruses in Sf9 cells, expressed protein in Sf9 cells, and harvested it after 3 d. We sonicated cells in 100 mM Tris, pH 8.0, 500 mM NaCl, 250 µM TCEP and purified proteins via Ni 2+ -affinity chromatography, eluted them with 300 mM imidazole and dialyzed them into 100 mM Tris, pH 8.0, 500 mM NaCl, 250 µM TCEP.
Structure determination. We grew crystals in 3 d by hanging drop vapor diffusion at 4 °C in space group H32, with cell dimensions a = b = 188.7 Å, c = 259.4 Å, α = β = 90°, γ = 120°. Solvent-content estimates suggested that there were two monomers per asymmetric unit, with a solvent content of 72%. Crystallization conditions were 1 M ammonium citrate, 100 mM bis-tris-propane, pH 8.0, with 1 mM TCEP and 50 µM ZnCl 2 . Crystals were harvested and cryocooled after protection with 35% maltose. We obtained derivative crystals for the single anomalous dispersion experiment using 1-mM gold cyanide soaks for 5 h before cryocooling. We collected data at the DIAMOND synchrotron light source, beamline IO4, at the gold absorption edge (1.04 Å). We processed and scaled data using Mosflm and Scala 33 . We performed phasing using SHELXD 34 and SHARP 35 with 13 gold sites in the asymmetric unit. The phasing power of the anomalous signal was 1.18, the R-cullis 0.87 and the overall figure of merit 0.39. Electrondensity modification and solvent flattening with PIRATE 31 improved the maps, generating interpretable density. We built the model manually using the graphics program Coot 32 and refined it using PHENIX 36 , with 98.5% of residues in the allowed regions of the Ramachandran plot. Details of geometry and refinement statistics are in Table 1 . We made the figures using PyMol 37 .
Structural analysis. There are two conformations of FANCL in the asymmetric unit, with the ELF domain being mobile, rotating ~60° to maintain packing restraints within the crystal. The monomers superpose with an r.m.s. deviation of 0.4 Å 2 over 274 atoms, starting from residue 107. The difference is due to the rotation of the ELF domain. Monomer A is almost complete, lacking density for residues 1-4 and 103. Monomer B lacks residues 1-5 and 95-106. Consequently, the structural depictions and analyses refer to monomer A. The arrangement of the two monomers is notable: ELF-A interfaces with RING-B and vice versa. The two interfaces are not identical due to the breaking of symmetry induced by the mobile ELF domain. We performed a protein interfaces, surfaces and assemblies (PISA) analysis 38 to ascertain whether an oligomer is likely. The most stable oligomer is a hexameric arrangement of three dimers, achieved through the ELF-A-RING-B and ELF-B-RING-A asymmetric pairing we see in the asymmetric unit and the hexamer formed through consecutive DRWD domains. Of each monomer, 12% is buried in the AB interface, and the interfaces across the DRWD domain involve ~3% of residues. During purification, we observed a broad shoulder preceding the main peak. This material was neither monodisperse nor crystallizable, and we see no evidence of a distinct, higher-order species.
